To evaluate the effect of ischemic preconditioning (IPC) in an experimental setting of extended liver resection with 30 minutes of inflow occlusion in rats. Summary Background Data: IPC has been proven an effective strategy against hepatic ischemia-reperfusion injury in both animal and human studies. However, decreased protective effects in terms of transaminase levels were found in patients with larger resection volume, questioning the benefit of IPC in case of small liver remnants. Methods: Rats undergoing 90% hepatectomy under strict inflow occlusion for 30 minutes were subjected to either receive or not receive an IPC period (5 minutes of ischemia followed by 30 minutes of reperfusion). In addition to 10-day survival rate, laser Doppler flowmetry of hepatic blood flow and fluorescence microscopic analysis of the hepatic microcirculation were performed to assess the effect of IPC on initial microvascular reperfusion of liver remnants after 90% resection. Moreover, regeneration capacity of livers undergoing IPC and 70% resection was studied over 7 days by means of histology and immunohistochemistry. Results: Ten-day survival of rats which underwent IPC and 90% hepatectomy was 0 out of 10 animals versus 1 out of 10 animals without IPC. Hemodynamic and microcirculatory analysis revealed signs of hyperperfusion during initial reperfusion of preconditioned liver remnants in 90% hepatectomized animals. In addition to increased transaminase levels, IPC impaired hepatic proliferative response after 70% organ resection, as indicated by both a significant reduction in mitotic figures and Ki-67 nuclear staining of hepatocytes, as well as a decrease in restitution of liver mass.
M ajor liver surgery, including partial hepatectomy and liver transplantation, is frequently associated with an episode of ischemia-reperfusion (I/R) and, as its consequence, parenchymal cell injury and organ dysfunction. 1, 2 Hepatic I/R injury affects the recovery of patients after major surgery and bears a risk of poor postoperative outcome. [3] [4] [5] Based on the increase in understanding of mechanisms underlying hepatic reperfusion injury, a variety of strategies has been developed to counteract I/R injury. 6, 7 However, postischemic reperfusion injury still significantly contributes to morbidity and mortality after liver surgery, in particular, in patients with liver disease. 8 -10 Ischemic preconditioning (IPC) has been considered a promising approach to effectively minimize hepatic I/R injury. [11] [12] [13] The term IPC is used for the process in which a short period of ischemia, separated by intermittent reperfusion, renders a solid organ more tolerant to subsequent longer episodes of ischemia, as initially described for the canine myocardium by Murry et al 14 in 1986 . In numerous experimental settings, IPC has been shown to confer protection by an immediate phase, involving the direct modulation of energy supplies, pH regulation, Na ϩ and Ca 2ϩ homeostasis, and caspase activation, as well as by a later phase, which includes the synthesis of multiple stress-response proteins, 15 finally leading to an amelioration of hepatic microcirculation, 16 a reduction of hepatic tissue apoptosis and necrosis, [17] [18] [19] and an improvement of survival. 18 Most recently, a prospective randomized study in 100 consecutive patients undergoing major liver resection established IPC as a protective strategy against hepatic ischemia also in humans. 20 However, in this study by Clavien and coworkers, 20 regression multivariate analysis revealed only an increased benefit of IPC in cases of lower resected liver volume. The protective effects of IPC inversely correlated with the percentage of resected tissue and, of utmost importance, was lost in patients undergoing major tissue loss, ie, Ͼ50% liver resection. 20 Thus, IPC seems not unequivocally be associated with a benefit of tissue in resistance against the ischemic insult.
Though the liver is unique with its ability to regenerate and to revert to its original function after resection, there is a limitation of the extent of liver resection. The drastic reduction of the microvascular bed upon major hepatectomy is associated with remnant liver exposure to excessive portal perfusion, known to induce irreversible sinusoidal endothelial injury as described in small-for-size liver grafts. [21] [22] [23] With the fact in mind that IPC increases hepatic microvascular perfusion upon I/R, 16 IPC might lose its benefit in extended liver resection due to a hyperperfusion-induced derangement in hepatic microcirculation. To test this hypothesis, we performed IPC in a rat model of extended hepatic resection and studied hepatic microvascular and proliferative response.
MATERIALS AND METHODS

Animals
Male Wistar rats (body weight 250 -300 g; Charles River Laboratories, Sulzfeld, Germany) were used for the experiments. Animals were housed in standard animal laboratories with a 12-hour light-dark cycle and had free access to water and standard laboratory chow ad libitum. The experiments were conducted in accordance with the German legislation on protection of animals and the NIH Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council).
Experimental Procedures
The experiments included 2 groups of animals: an IPC group (IPC) and a control group (control). After induction of isoflurane/oxygen inhalative anesthesia, animals were laparotomized, and hepatic ischemia was accomplished using a microvascular clip placed on the hepatoduodenal ligament. Reflow was initiated after 30 minutes of hepatic ischemia by removal of the clamp. In the IPC groups, animals were subjected to 5 minutes of hepatic ischemia followed by 30 minutes of reperfusion 16, 24 prior to the sustained 30-minute period of ischemia. IPC combination, ie, 5 minutes of ischemia followed by 30 minutes of reperfusion, was chosen in accordance to results of a recent study of our group 16 demonstrating 5 minutes/30 minutes IPC as the most effective strategy to reduce tissue injury upon sustained ischemia. During ischemia, the animals underwent partial hepatectomy according to the method of Higgins and Anderson. 25 Briefly, the right median, the left median, and the left lateral lobes were ligated and removed, resulting in 70% hepatectomy. For 90% hepatectomy, the right lateral lobe was additionally excised. Postoperatively, animals were allowed to recover from surgery with access to food and water ad libitum.
Survival Study
Ten rats in each group with a 90% hepatectomy were used for the survival study. Rats that lived more than 10 days after hepatectomy were considered survivors.
Regeneration Study
Animals with 70% hepatectomy were killed at postoperative days 1, 4, and 7 (n ϭ 5 animals per group and time point). The remnant livers were harvested, weighed, and processed for histologic analysis. Arterial blood samples were withdrawn for subsequent analysis of serum transaminase activities.
Liver Mass Regenerated
Weight of remnant liver mass was used to calculate growth of residual liver lobes as weight of remnant liver mass/body weight ϫ 100 (%).
Histology and Immunohistochemistry
In 70% hepatectomized animals, remnant liver tissue at days 1, 4, and 7 after resection was excised, fixed in 4% phosphate-buffered formalin for 2 to 3 days, and then embedded in paraffin. From the paraffin-embedded tissue blocks, 5-m sections were cut and stained with hematoxylin-eosin (HE). To evaluate hepatocyte replication, mitotic figures were counted in 1000 hepatocytes (200-fold magnification) and given as mitotic index (number of mitotic figures per 1000 hepatocytes). Resected liver tissue was processed for HE staining as described above and served for comparison as normal tissue with regular morphology.
The monoclonal antibody MIB-5, that has been described to be reactive with the rat equivalent Ki-67 protein and useful to monitor proliferation in rat liver, 26 was used for immunohistochemical analysis of hepatocellular regeneration, using an indirect enzyme-linked antibody method. The proliferative capacity was quantitatively assessed by counting the number of labeled hepatocytes per 1000 hepatocellular nuclei (200-fold magnification) and given as proliferative index (number of Ki-67 positive cells per 1000 hepatocytes).
Hepatocellular Damage
The extent of hepatocellular damage was assessed at days 1, 4, and 7 after 70% hepatectomy by spectrophotometric determination of alanine transaminase (ALT), using a 
Hemodynamic and Microcirculatory Study Laser Doppler Flowmetry
Six rats with 90% hepatectomy per group were used for monitoring of hepatic blood flow by means of laser Doppler flowmetry (Cliniflow II, Model FM 701D; Carolina Medical Electronics, King, NC). Blood flow (arbitrary unit, aU) was measured by placing the probe (SF105) on the hepatoduodenal ligament, mainly reflecting portal venous blood flow. 27, 28 After baseline recording prior to IPC, data were collected immediately before and during the sustained ischemic period, as well as 1, 3, 5, and 10 minutes after reperfusion. Blood flow was recorded for at least 30 seconds after obtaining a stable signal. The mean value of blood flow at respective time points was calculated and expressed as percent of the initial blood flow values.
Intravital Fluorescence Microscopy
Eight animals with 90% hepatectomy per group were used to assess hepatic microcirculation. For this purpose, spontaneously breathing anesthetized animals were placed in supine position on a heating pad for maintenance of body temperature at 36°C to 37°C. Polyethylene catheters (PE 50, ID 0.58 mm; Portex, Hythe, UK) in the right carotid artery and jugular vein allowed for assessment of systemic hemodynamics and injection of fluorescent dyes. After laparotomy, hepatic ischemia and partial hepatectomy (90%) were accomplished, as described above. After 10 minutes of reperfusion, animals were positioned on their right side, and the residual caudate lobe was exteriorized and covered with a glass slide for microscopy. Microcirculation of the remnant liver was assessed during the first 30 to 60 minutes upon reperfusion. At the end of the microscopic procedure, liver tissue was excised and processed for HE staining as described above.
Using a fluorescence microscope equipped with a 100-W mercury lamp (Axiotech Vario; Zeiss, Jena, Germany) and different filter sets for blue (excitation/emission wavelength: 450 -490 nm/Ͼ520 nm) and green (530 -560/ Ͼ580 nm) light epi-illumination, microscopic images were taken by a water immersion objective (ϫ20/0.50 W; Zeiss), recorded by a CCD video camera (FK 6990A-IQ; Pieper, Berlin, Germany) and transferred to a video system (S-VHS Panasonic AG 7350-E; Matsushita, Tokyo, Japan). Sodium fluorescein (2 mol/kg iv; Merck, Darmstadt, Germany) served for tissue contrast enhancement with assessment of sinusoidal perfusion and red blood cell (RBC) velocity within the individual microvessels. 29, 30 Rhodamine-6G (1 mol/kg iv; Merck) allowed for in vivo staining of leukocytes with assessment of their flow behavior within the individual microvascular segments. 29, 30 Quantitative Video Analysis Assessment of hepatic microcirculatory parameters was performed off line by frame-to-frame analysis of the videotaped images at a magnification of 424-fold, using a computer-assisted image analysis system with a 19-inch monitor (CapImage; Zeintl, Heidelberg, Germany). Within 10 lobules per animal, sinusoidal perfusion failure was determined by counting the number of nonperfused sinusoids (given in percent of all sinusoids crossing a 200-m raster line). 29, 30 Leukocyte-endothelial cell interaction was analyzed within 10 hepatic lobules and 8 to 10 postsinusoidal venules per animal, including (i) the number of stagnant leukocytes located within sinusoids (given as cells/mm 2 observation field) and not moving during an observation period of 20 seconds; and (ii) the number of adherent leukocytes located within postsinusoidal venules (given as cells/mm 2 endothelial surface, calculated from diameter and length of the vessel segment studied, assuming cylindrical geometry) and not moving or detaching from the endothelial lining during an observation period of 20 seconds. 29, 30 For estimation of volumetric blood flow (VQ), RBC velocity and the respective diameter were measured within 8 to 10 individual sinusoids in midzonal regions (classification according to Rappaport 31 ) and 5 postsinusoidal venules per animal. 32 VQ in the individual microvessels was estimated from RBC velocity and microvascular cross-sectional area ( ϫ r 2 ) according to the equation of Gross and Aroesty, 33 ie, VQ ϭ RBC velocity ϫ ϫ r 2 , and given in picoliter per second.
Statistics
All data are expressed as means Ϯ standard error (SE). After testing for normality and equal variance across groups, intergroup differences were assessed using the appropriate pairwise comparison test (Student t test, Mann-Whitney rank sum test). For statistical analysis of repeated measures, ie, laser Doppler flowmetry data, analysis of variance followed by the Dunn test was performed. Statistical significance was set at P Ͻ 0.05. Statistics were performed using the software package SigmaStat (Jandel Corporation, San Rafael, CA).
RESULTS
Survival Data
After 90% hepatectomy, none of the IPC animals and 1 of 10 control animals survived the full observation time of 10 days. Animals died within the first 3 days after liver resection.
Hemodynamic and Microcirculatory Data
Data of hepatic blood flow, as assessed by laser Doppler flowmetry in 90% hepatectomized animals, are given in Figure 1 . During hepatic ischemia induced by clamping of the hepatoduodenal ligament, hepatic blood flow dropped to zero, indicating complete standstill of perfusion ( Fig. 1) . Upon removal of the microsurgical clip, blood flow gradually increased and returned to about 30% of preischemic values in control animals, while in IPC animals hepatic blood flow revealed a faster recovery, reaching almost 50% of baseline values within 10 to 15 minutes of reperfusion ( Fig. 1 ). In line with global hepatic blood flow, detailed quantitative analysis of the hepatic microcirculation revealed higher values of RBC velocity in sinusoids ( Fig. 2A) and, in particular, in postsinusoidal venules of IPC animals when compared with controls ( Fig. 2B) . Moreover, values of both sinusoidal and venular VQ in livers of IPC animals exceeded those found in livers of control animals (Fig. 3A, B ). Hepatectomy was associated with a moderate deterioration of sinusoidal perfusion and a slight increase of the number of leukocytes located within sinusoids and postsinusoidal venules (Table 1) . Notably, control and IPC animals did not significantly differ with respect to inflammatory cell response and perfusion failure, though IPC animals tended to show lower numbers of nonperfused sinusoids (Table 1) .
Regeneration Data
To evaluate the influence of IPC on regenerative capacity upon partial hepatectomy, 70% of liver mass was removed to guarantee 100% animal survival, with harvesting of liver tissue and blood samples at postoperative days 1, 4, and 7. Indices of hepatocellular regenerative response, ie, number of mitotic figures and Ki-67 positive cells, revealed markedly higher values in control animals without IPC when compared with IPC animals, with most pronounced differences at day 1 after hepatectomy (Fig. 4A, B ). Whereas mitotic index was almost similar in both groups on postoperative days 4 and 7, percentage of Ki-67-positive cells in control animals was found still markedly above the corresponding value of IPC animals at day 4 ( Fig. 4A, B) . Concomitantly, ratios of remnant liver mass to body weight of controls significantly exceeded those of IPC animals, indicating impaired liver regeneration upon IPC (Fig. 5 ). Serving as parameter of hepatocellular injury, IPC animals exhibited 2-fold higher transaminase levels when compared with controls at day 1 posthepatectomy (Fig. 6 ).
Histology
In contrast to regular histologic appearance of normal liver tissue, HE staining of liver tissue after IPC in 90% hepatectomized animals revealed marked vacuolization of hepatocytes, bleb formation, and disintegration and detachment of sinusoidal lining cells with direct exposure of hepatocellular microvilli into the sinusoidal lumen ( Fig. 7A, B) . Histology of liver remnants in non-IPC-treated control animals did not markedly differ, though signs of sinusoidal disintegration were slightly less pronounced.
DISCUSSION
Both animal experiments and clinical experience have shown that IPC triggers a protective response to subsequent I/R injury in several organ systems, including the liver. 34 The IPC procedure includes 2 temporally and mechanistically distinct types of protection with an acute, protein synthesisindependent phase and a second phase of late protection, based on the de novo synthesis of antioxidant enzymes, heat shock proteins, and NO synthase. 15 Experimental evidence suggests that intra-and extracellular generation of adenosine, as well as activation of adenosine A2 receptors with subsequent generation of NO, is involved in mediating protection by IPC. 15 Moreover, IPC-induced NO release prevented I/R-induced increase in endothelins, 35 favoring local vasodilation and reduction of flow hindrance. In line with this, IPC treatment has been demonstrated to increase overall liver blood flow and to improve nutritive perfusion and tissue oxygenation. 16, 36, 37 As a consequence, IPC averted postischemic hepatic excretory dysfunction and the increase in enzyme release. 16 In the present study, we now confirm and extend our previous experience in that IPC improves not only the number of perfused sinusoids but causes also increased flow velocities and VQ values in sinusoidal and postsinusoidal microvessels, reflecting high shear-stress conditions.
Mechanical forces that arise from changes in portal flow are well defined and discussed as putative physiologic trigger mechanisms for liver regeneration. 38 -40 Accordingly, a positive correlation between portal venous velocities at postoperative day 7 and regeneration of partial-liver allo- 
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Ischemic Preconditioning in Hepatectomy grafts at 1 month has recently been reported. 41 Sato et al 39 proposed that shear stress due to portal flow, which appears to be a simple mechanical force, may trigger liver regeneration and controls the volume of the liver after partial hepatectomy. On the other hand, portal hyperperfusion has been considered responsible for organ damage frequently observed after reperfusion of small-for-size liver grafts, 22, 42, 43 resulting in hepatocyte ballooning with tremendous mitochondrial swelling, irregular large gaps between sinusoidal lining cells, and collapse of the space of Disse. 22 This small-for-size syndrome has been recognized as the main factor leading to graft dysfunction and poor survival in adult living donor liver transplantation with extreme size mismatch. 43, 44 Thereby, safety limit is thought to be 40% of the ideal liver weight or 1% of the recipient body weight. 45, 46 The mechanism of injury, including both enhanced injury and reduced metabolic and synthetic capacity of parenchymal cells, 47 has been postulated to be comparable to the one that resulted in progressive necrosis of the liver remnant after 85% hepatectomy in the rat. 48 As demonstrated in the present study by detailed in vivo analysis of the hepatic microcirculation, IPC is capable of even increasing the obligatory rise in blood flow through the small remnant to pathologically high flow rates in individual sinusoidal and postsinusoidal vascular segments. Thus, we like to state that IPC-induced hyperperfusion may aggravate microvascular injury, with the consequence of accelerated death in 90% hepatectomized animals. Though IPCinduced disturbance of the microcirculatory homeostasis seems to be not harmful enough to lower survival in rats with 70% hepatectomy, from which complete recovery is the rule, IPC caused significantly higher ALT levels in those animals. These results further underscore our view that in small liver remnants of about 30%, the detrimental effects of IPC might still outweigh its effects known to render tissue more resistant against subsequent injury. In line with this, we first demonstrate that IPC caused a transient delay in liver regeneration after hepatectomy, as given by the striking reduction of the proliferation indices, namely, Ki67 and mitotic figures. Of interest, in models of prolonged I/R injury, protective effects of IPC have been shown to be associated with a reduced In contrast to regular histologic appearance of normal liver tissue (A), liver tissue after IPC in 90% hepatectomized animals (B) presents with marked vacuolization of hepatocytes (arrow), bleb formation (arrowhead) and disintegration and detachment of sinusoidal lining cells with direct exposure of hepatocellular microvilli into the sinusoidal lumen (double arrow). Original magnification ϫ 1000.
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Annals of Surgery • Volume 241, Number 3, March 2005 labeling index for proliferating cell nuclear antigen and a significant decrease in the transcription levels of immediate early genes (IEGs). 49 While decreased IEG expression might confer protection in liver tissue upon I/R, 50 this has not necessarily been valid for remnant liver tissue after resection. Proliferation of hepatocytes encompasses a multistep process with the transition of quiescent hepatocytes into the cell cycle (priming) and the progression beyond the restriction point in the G 1 phase of the cycle. 51 Priming is controlled by IEGs, in particular, by those encoding transcription factors and protooncogenes. 51 Due to the fact that hepatocytes do not react to replication-involved humoral factors in the circulation unless they are primed, priming and its control by IEGs represents a key step in proliferation. Thus, it is reasonable to speculate that the regeneration potential in IPC-treated animals may suffer from interference of IPC with expression of IEGs.
In summary, an important, although most likely not the only, cause for failure of IPC to improve regeneration seems to rely on the fact that reduced liver mass does not benefit from IPC-induced hyperperfusion as a trigger for proliferation but rather suffers from shear stress-associated microvascular injury and, thus, reduced regenerative capacity. This may explain the clinical observation that the effect of preconditioning was lost in patients undergoing major tissue loss, ie, above 50%. 20 Therefore, in case of extended liver resection, other strategies than IPC should be used to induce protection. The identification of pharmacologic agents, which specifically interfere with the injurious effects of IPC, might be of particular interest in the design of new protective strategies.
